Doping of TiO 2 -a wide band gap material -with Neodymium (Nd 3+ ) ions have been the focus of research interest for the solar spectrum downshifting, a process which can improve the efficiency of silicon based solar cells. This work presents the influence of varying Nd doping concentration in the range 1.17-25 at.% in the TiO 2 host matrix. Thin films of thickness between 1 -2μm were deposited by Radio-Frequency Co-Sputtering of TiO 2 and Neodymium (Nd) target on quartz and silicon substrates at room temperature. The films are annealed in an air ambient after deposition. Film properties were studied from the structural and chemical composition point of view by means of X-ray diffraction (XRD), Auger Electron Spectroscopy (AES). Two distinct photoluminescence emission peaks were observed at 902 and 1080 nm in the doped films, pertaining to the transitions between the excited levels 4 F 3/2 to 4 I 9/2 and 4 I 11/2 levels of the Nd 3+ ions by exciting at 514.5 and 355 nm.
Introduction
In recent years, a large attention has been noted towards rare earth (RE) doped oxide thin films due to their unique optical properties and also potential applications on diverse fields such as photovoltaics, photocatalysis, optical fiber telecommunication. In particular, the efficient energy transfer from the oxide host matrix to RE ion has been attracting much interest in order to adapt the solar spectrum through photon conversion -effective utilization of high energy photons through non-radiative energy transfer, a process which can improve the silicon based solar cell efficiency [1] [2] [3] [4] . Common wide bandgap oxide semiconductors which act as an effective host matrix like ZnO, TiO 2 , SnO 2 ; titania -with band gap of (3.0 -3.2 eV) has been selected in order to excite the doped rare earth ion efficiently and to yield the high luminescence intensity in the NIR spectral region through energy transfer. As for the RE ions of prime interest, trivalent Neodymium (Nd) is considered to be an excellent candidate due to its sharp and intense luminescence in the near infra-red which falls within the range of intrinsic spectral absorption of silicon solar cells [5] . We report here a study of processing conditions of Nd incorporation in titania matrix (TiO 2 :Nd   3+ ) to different concentrations, by RF co-sputtering in an Argon plasma. Some aspects of their dependence on structural, compositional and near -IR photoluminescence properties as a function of dopant concentration were discussed.
Experimental procedure

Thin film preparation
Undoped and Neodymium doped titanium dioxide thin films has been prepared by radio frequency (13.56 MHz) co-sputtering. High purity, commercially available TiO 2 disc with 10 cm diameter and metallic Nd target was sputtered in Argon atmosphere, by keeping the Argon flow rate constant at 30 sccm and a pressure of 4 Pa. A self-bias voltage of -850 V of TiO 2 target was kept fixed and the power on Nd target was varied as 3W, 5W and 7Watts in order to have different Nd amounts. Silicon (100), Quartz and glass slides were used as substrates and beforehand these were ultrasonically cleaned with isopropyl alcohol, de-ionized water for 15 minutes each, finally flushed with nitrogen (N 2 ) gas and then introduced into the growth chamber. All the films were deposited at room temperature and annealed at 600 O C for six hours in air ambient after deposition.
Thin film characterization
The film thickness was measured with a KLA -Tencor P-6 Stylus profiler. The measured thickness of pure TiO 2 , 3W, 5W and 7 Watts was found to be 0.8743 ± 0.054, 1.432 ± 0.016, 1.726 ± 0.027 and 2.549 ± 0.061 microns respectively.
The phase structure of pure and Nd doped titania thin films were investigated using a Seeman -Bohlin (grazing angle configuration) X-ray diffractometer with Cu Kα (λ = 1.5406 Å) radiation at an incident angle of 3° in steps of 0.02 and operated at 40 kV and 30 mA. The optical properties were characterized by using a double beam UVvisible spectrophotometer (Model -JASCO V-550 UV-visible near IR).
The elemental concentration as a function of erosion time were performed by Auger Electron Spectroscopy (AES) depth profiles using a Physical Electronics model 4200 system, equipped with a variable resolution cylindrical mirror analyzer (CMA) and a coaxial electron gun. The system base pressure was kept at 10 -8 Pa. Auger spectra were excited by a 3 keV electron beam, around 8 x 10 -4 Acm -2 current density, that scanned an area of 400 µm 2 . For Nd 3+ PL measurements, excitation was performed with 514.5 nm line of a coherent Innova Sabre argon ion laser and in UV (355 nm) with a Nd-YAG laser. The emitted signals were detected by a Silicon detector. All measurements were carried out at room temperature.
Results and discussion
XRD patterns for pure and Nd doped TiO 2 films are shown in Fig. 1 . Pure TiO 2 possess crystalline nature dominated by anatase phase. As clearly seen from the XRD pattern, it is evident that Nd doping induces remarkable changes in the structural properties of the films. A slight incorporation of Nd (1.17%) resulted in a mixed phase of anatase (A) and rutile (R). A further increase in Nd concentration to a maximum of (24.99%), the peaks became less intense and broader, which is characteristic of amorphous nature. No evidence of dopant related peaks or other impurities were observed. The result shows that Nd incorporation hinders the crystal growth at higher dopant concentrations. A small shift towards higher angle (2θ) in the diffraction peak (101) with the increase of Nd concentration indicates the presence of a strain (which is compressive). The compression strain was determined on the basis of percentage change of the interplanar distance (Δd) defined as Δd = [(d -d PDF ) / d PDF X 100%], where d PDF -standard interplanar distance [6] . The average crystalline size calculated from the width of the most intense anatase (101) peak using Debye Scherer's formula [7] and the size dependence on incorporation of Nd are shown. Table 2 . The homogeneity of elemental distribution of Ti and O with respect to depth throughout the film down to the interface can be seen. From Table 2 , it is evident that, the Ti relative content decreased as the concentration of Nd increases in the matrix, while the oxygen remains almost unchanged in comparison. The ratio of Nd/(Nd+Ti) increases as the O/(Nd+Ti) ratio remains constant, we suppose that, here oxygen is not only bounded with Ti but also with Nd also. As for as now the relevant details about the oxidation states are yet to be estimated. Reduction effect of electron gun during the Auger analysis is also to be considered in this case because it induces stimulated oxygen desorption from the TiO 2 surface, which leads to under-estimation of stoichiometry in the film. The optical properties of the Neodymium doped TiO 2 thin films were evaluated using UV-visible spectroscopy. The films for all the concentrations of Nd in TiO 2 were transparent with optical transparencies of 70% in the visible region. The optical band gap was estimated from a Tauc plot of (αhν)
1/2 in function of photon energy (eV) for all the Nd concentrations. Band gap values of 3.29, 3.16, 3.14, and 3.04 were obtained for Nd concentrations of 0, 1.17, 13.92 and 24.99%, respectively. The addition of Neodymium content in the host titania decreased the optical band gap of the system.
The NIR luminescence spectra were obtained for TiO 2 films with different Nd concentrations by exciting at two different wavelengths, 514.5 nm (green) of the Ar ion laser and also 355 nm (UV) of the Nd-YAG laser. We monitored the luminescence bands at 902 nm and 1080 nm pertaining to the transitions between the excited levels 4 F 3/2 to 4 I 9/2 and 4 I 11/2 of the Nd 3+ ions, respectively [11] . As shown in Fig 4, upon excitation with the 514.5 nm argon line, the emission bands originating from the lowest excited levels are observed in the spectral region between 800 -1100 nm. The shown spectra were collected for the samples with 1.17% (spectrum a) and 24.99% (b) of Nd. The appearance of luminescence upon excitation at 514.5 nm motivated us to try to excite the host titania using 355 nm excitation. Fig 5 shows the PL emission spectra in the near IR region upon excitation at 355 nm. A band at 902 nm was observed for the sample doped with 1.17 % Nd, suggesting a possible energy transfer from the titania matrix to the Nd 3+ ions. It can be noticed from the spectra, for both samples, that the Nd doped films exhibit characteristic NIR luminescence bands centered at 902 nm ( 4 F 3/2 to 4 I 9/2 ), but also it should be noted that only broad emission lines were observed (absence of well resolved crystal-field-split Stark lines). This may be due to high concentration of Nd 3+ . One can observe from both the figures, that the PL intensity drastically drops for the highest concentration of Nd 3+ . This can be attributed to the concentration luminescent quenching due to the formation of clusters among Nd 3+ ions [12] . Upon excitation at 355 nm, the dominant Nd peak at 1080 nm ( 4 F 3/2 to 4 I 11/2 ) cannot be observed because the fundamental harmonic of the Nd-YAG laser falls at 1064 nm (the excitation was done with the third harmonic of the laser at 355 nm) and in our luminescence setup we were not able to completely remove the unwanted fundamental harmonic of the laser which completely overshadows the much weaker PL signal. The inset figure shows the PL emission of pure titania excited at 514.5nm and no characteristic PL emission has been recorded in the spectral region between 800 -1100 nm.
Conclusions
Essentially pure and Nd modified titania thin films were deposited on quartz and Si substrates using RF co-sputtering at room temperature. The as-grown films were amorphous and required post process annealing in order to achieve crystalline TiO 2 phases. XRD analyses indicated that, by changing the Nd amount, the phases and also the structure of TiO 2 : Nd can be modified. In addition, analysis based on lattice parameters and strain suggests that Nd incorporation induces distortion in TiO 2 lattice. Nd 3+ ions were effectively incorporated in the host titania thereby resulting in the near IR luminescence in the spectral regions 800 -1100 nm pertaining to the transitions between the excited levels 4 F 3/2 to 4 I 9/2 and 4 I 11/2 of the Nd 3+ ions. More importantly, the appreciable effect we have observed, exciting with energy slightly above the bandgap of titania (355 nm) results in the NIR luminescence suggesting a possible energy transfer process from the host matrix which is yet to be studied. The level of the observed luminescence was very low and the luminescence peaks very broad which indicates concentration quenching. However, we have shown the optimal deposition conditions in order to achieve NIR luminescence exciting in UV with the possibility of energy transfer from the matrix, which can serve as a solid background for further investigations. In future work we plan to deposit samples with a much smaller percentage of Nd incorporated in the host matrix (<1%).
